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Saline-alkaline stress affects wheat seedling growth and
rhizobacterial community structure

YAO Ting’, LIU Yang", LIANG Yungang, XU Fangfang, TANG Kai, FENG Fuying

Laboratory for Applied and Environmental Microbiology, College of Life Sciences, Inner Mongolia Agricultural
University, Hohhot 010018, Inner Mongolia, China

Abstract: [Background] Plants can mitigate stress by modulating the structure of rhizosphere
microbial community, while the changes of wheat growth and rhizobacterial community
structure under saline-alkaline stress remain to be clarified. [Objective] To characterize the
growth and rhizobacterial community structure of wheat seedlings under saline-alkaline stress.
[Methods] Saline-alkaline stress was simulated via the adjustment of the Na' concentration and
pH of Hoagland nutrient solution with NaCl and Na,CO;, and MiSeq high-throughput
sequencing was employed to determine the bacterial community structure. [Results] Compared
with no-stress treatment, the saline stress alone decreased the aboveground dry weight,
belowground dry weight, functional leaf chlorophyll content, and available nitrogen in
rhizosphere soil by 25.0%, 57.1%, 21.2%, and 42.9%, respectively (P<0.05). The increase in pH
reduced plant height, root length, biomass, functional leaf chlorophyll content, and the content
of main nutrients (available nitrogen, available phosphorus, and organic matter) and the
activities of enzymes (alkaline protease, alkaline phosphatase, sucrase, urease, and
dehydrogenase) in rhizosphere soil (P<0.05). Three phyla (Proteobacteria, Actinobacteria, and
Firmicutes with the relative abundance of 7.1%—71.5%) and five genera (Enterobacter,
Methyloversatilis, Azotobacter, Pseudomonas, and Allorhizobium with the relative abundance of
0.5%—-5.1%) in the rhizosphere of wheat seedlings were dominant in all the treatments.
Saline-alkaline stress had no obvious effect on the alpha diversity indexes, including Shannon
index and Chaol, while it significantly affected the beta diversity and changed the community
structure. The saline stress alone increased the relative abundance of Flavobacterium,
Pseudomonas, Methyloversatilis, Azotobacter, and some unclassified genera by 0.27%—3.12%.
The increase in pH increased the relative abundance of Enterobacter, Noviherbaspirillum, and
Bacteroidetes. [Conclusion] Saline-alkaline stress significantly inhibited the growth of wheat
seedlings and remarkably changed the rhizobacterial community structure. The increased
relative abundance of bacterial taxa such as Enterobacter in response to saline-alkaline stress
may promote the growth of wheat seedlings and be major microbial sources for improving the
crop productivity in saline fields.

Keywords: saline-alkaline stress; wheat; rhizobacteria; available nutrients

T B AR TR BRI T AR, B R A, R BRI TR
FIFA BUEF OS5 SRR IR, I AN Rl T 5 X ™ E A BB ) 2 — 1, H i
EPNEFREEE, BEMMEYAERK, B8 2BRAKRT 1x10° hm® LHZER A0, Hphy
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60%4 ISR HAT 5 pH HHEIX, LABKFR 4
BRI AN A E BRI TR R T 1 8 &
MAEER, UGS FRITR RISCAA A, %
IHEYIAI A IS5 S5 2hRE, TR BCREDY
PR AT FARE T Frkh (322 NaCl I Na,SO,)
Al G ER M a , T AR (3 22 NaHCO; #
Na,CO3)FRA] 5[ EEEL B 51 , if 253 pH S+
NI 0 ST R N ) ST A X g - LN
K. BEFREH . BRMIREEREIR, A LEEE
it AT 4R (reactive oxygen species, ROS)FH 21;
TsE R i B B TR R e 34 in 2=
fe pH (B — 25 ] - 4555 4 R A AR YD &
ES i TR 1 07) ST e N STER R i< L /) fa 0L i
BOE, FEAHFR AN TR, & pH B E
P T AR R 280 r R, R AR K Y
M A e E O FEER AR E T, YA A R
NG (A IR . BERNER 555 ) i 47
BB, PR — PR E A AR
T4 ) T PR TR ROS, DT DR-AP A2 R A 56
FEEAY KT (AR E T,
A 3 A AR PR A ) oAk ST
HAEMRG RSB BRI,
FERMEDIAR BRAEAE f02E P (plant growth-promoting
rhizobacteria, PGPR) P Jak 5 £8 e, {EUEAE Y A=
KR m A EY A 7 0 AT AR Bt b B R 4
Ak, AT SHAE RO ER e PGPR $24it
AR I AL g UL ERAE Rk () A
AEAE TR R RN B R TR BLER B aE ), (HIEA
D ER G E A G 5T T, 2R UE R L,
A R A 7 £ B e AL A A g AR A1
N R R E AR R R Z — , B i
Xt FRUE SRR AL oy !, R R =
G2 —BI NN R U0 h R
KN, R4 18%2, SR,
TR AL BN P R R IR 60%, JTE

BELAS T /NAZ A =22 R i £ B 355 AL 5 /s
2 S BRI W BETR S5 R R IhBE , BE Tk
TEVR S5 AL b e e £ PGPR AT A5 5 pdi s £5
i, (R A R AR m A e U
St T 2, DX 3R 0 J5 v A7 /N 22 ) i A
St , (244N A K 2 ER B 7 BT RS
I AR TAERI, SHZMIX /N T ERp &
Flk B 4 540 PGPR #0427 ibMma , feik
T AR, SR, E AT B kR A
TN S GUEIN TSN SN G 7k 33
SEFRAERVE A RIAR DG ST, DABOERmME T
FRidA -/ INZ BAERA A AN A, U RR I T A
MR BRI P Ee TR mac . N 7 RE ) S B AT FH

ABEFE LI PSR NaCl Fgs ik Na,CO; i
PLER R IE O8I0 R P A8 XN A AR Y
SN, XTANEE 16S rRNA JE[R YEF T B 1 7
Wy, DA@HTAR BRI G745, 4875 W] RE il
BR/INZE Al R TRV AR B AR A, AR AR
Py it 2 k- 3 Al AT R A e 4 A LAl Al o
DL RS IS B SR o

1 S

1.1 ##

PR/ N R TR 4 %, s
R F RSN AR X ERX, A —EN
it SR8 ; GeRERIN T 100 mmol/L NaCl, pH
{6258 7.0 i) Hoagland & 35 B vT i 25 0 il £
TEHX 2RI K R 4 5/hFAE KR,

+ TS 77 & F PowerSoil DNA Isolation
Kit, g5 S AEYRHARA . PCR Y,
Biometra 2 F]; 4 H 3l ks K F#, Tomy
Kogyo 7~wl; HIRGERE A, i 2500
WA AR HE; pH it, Hanna 2An]; BRI,
PR AR A A AL, TN LR
SEARARA
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1.2 EBABIEFN N FHE

B AR EHE Hoagland B FHKAY 4 Mk
PR, U0 NaCl fl Nay,CO; ¥#15 Hoagland & FR
Na WEEF pH: AW, pH 7.0 A9 JCHRAXT
B, 45 SOP7; Higy 3 AMbHEE pH {HA 5N
7.0, 8.0 A1 9.0, Na V¥R 100 mmol/L, &
1% 553514 S1P7, S1P8 #l S1P9; 4:4-kb
AR 20 75, BEMLHES

INZEGIARTIAE . PREURNG . R/NEA—F
RN T, BT 4 °C Fik 10 d; #FAPATH L
FRIERI A 0eb=3:1 ((AFRLL), PR At
I EN -0 P N L L) w1 g S 1R
AR T AR ) o Eh i B A )2 20 em +
B, pHIEZ 7.1, HHEZ0.08%. AL & E
25 4.51 glkg; “FhiEE7RE AN FEHEX R
BNERFE R EZ 20 em 13, pH {H4
8.9. THEZ 0.42% . AHLILET R 5.33 gkg),
IREEGEEA 16 cmx 14 cm FRR@IRIE S, 2
B FAY 5 em; 7EAET B LR
TH B AR B/ N 40 i/, ZJaDA
HMFARS i 7, JBEA 1 em; BEET
FNREFRER, TR 25-30 °C, JEHRGRE 4 500 Ix,
RS E R 14 b/10 h S5 T TR SR 1B FhoE
RGBT REIRAE, S ED DR 4 R AL BRAY
Hoagland ‘EFF 250 mL/7%%, MAEZCHEE B
Z/ 50 mL, PRFRIEETFIRETM . FRRiEE
FE&, FORBE. s, AR 7 b —
JEIDEME—IK Hoagland B, L% 3 (LA
1K), wJa—IRM—FZJaREREN . HRib
PR FIAE 20 4, BEALHES I B AR e ik
A S WA 1= O E A 1 L L/ e B
ARG I8 T /N R ) B A B T R A
B8 5 /N 22 AT T B KA AR B R B
1.3 IMEEKIERNE

INFE AR 30 d R, SERFNE /NEE 4

BB MR, iR, ihegER | Hb ERRIH T
TEFAYEIEIR R E R i
IR ASS A AE S)—BU R RR R Rk N
o, BRGHDK T, JRANCT, P A A
&b, FIZI0 R RO S bk s ARG 5 pge T AR
FREBOL, URACIRE TR Ay, FH BT TR bk )
S HCRERYIHE, SRl 65 °CHE IR MEAE T8
5d, HARFEFRERG EE A T, 1
SRR R S EEN R A ZEBGEDY .
BB R /N 22 3] — i (GREE I ) R A 56 — o e
RO e aIER 4, BEVET 145 B R 2 mm 24y
FIRE/NF IR ST, FREL0.05 g FEdh, AR R
R, A 5 mL SR , AR AR CE 26 h,
A3 P K 665, 649 Fl 652 nm Ab I SEIK
WfH -

14 PNERFRLREFMBUERS R

PRt RAE . AFAIZ /NG, KA
Bl R B, PR JC T B DK B e %=
T AR R £, BJE 1 mm 5, 50K AN ]
AR FRFE S BT IO OB S0 mL B0, BT
T-80 °C#5 .

HRBR b FREAR A Bl . 8 R EE SR Y
AHLET . SR RS R S
FZPV kT AR . BRPERER R . A
PESE I . B0 . R T 0 R e i G 4
Pt 3% 000 SR P ) e B 5 A 7
1.5 NEHHRMFAEREEZEWNZEHE
o

$i I PowerSoil DNA Isolation Kit 13i ] 45
PR R E YL Y] DNA, DIARPR + 36
2 DNA Mttl, RASIHIXE 799F (5-AACMG
GATTAGATACCCKG-3")Hl 1193R (5-ACGTCA
TCCCCACCTTCC-3")iEAT4# 16S rRNA A
A B . PCR JW AR %R . 2xEasyTaq PCR
SuperMix 10 pL, 1E. K5[41(20 pmol/L)%%
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0.5 pL, #i# DNA (20 ng/uL) 1 pL, ddH,O
8 uL. PCR 2w &5: 94 °C 3 min; 94 °C 35 s,
55 °C 45 s, 72 °C 1.5 min, 30 MEH; 72 °C
8 min; 4 °CHRAF. T EH LYW T A A
[llumina MiSeq V- & X4 3 = Py k4 il i, v
S5 L 28 NCBI R A (5554 SRP423565),

FTF OTU (FIMH 97%) /3 B4 s fiE T4 41 OTU
SRR Z RN

o ZRMESHT . B Pk T
B W R AR A FEE B Shannon 550!
Chaol #5%4.

B ZHEEMT: S P R R T
b A S 2H 964 T S AA AR 73 AT (principal coordinate
analysis, PCoA), /nAS[aJAbPRAE S A M iETs
ZH AR 2 S
1.6 RDA %#f

it 6 LE Y = & U4 73 B (redundancy
analysis, RDA)WF5E 1338 BRAL A 57 X AR B 41 B 1
TRESHRSENR , x AT y A (E LR AR I Sk Y
KA T 43 b - A4 BRI R E i S [
V& 0] 3 JE BT A3 A v ) B D,
1.7 Fitsth

BARGE T 3M7 FH Excel #E4T, Tk B R
& 7 220 1 (one-way, ANOVA) g & ) 22 4=
(significant difference, SD), {3 2 F/K¥F 0.05
RN FRRIN

F 1 HBEXNEHEEKBZN
Table 1

2 BER540

2.1 EBAMER/NENEHE KN

B SERCR Y i) = AN KD RN SIERTE 2 VN
LA FES . MRS TE AR R R
i ARPR AR SR, IR T 25.0% .
57.1%F1 21.2% ., 42.9%; TiAEERMHEAFAER(Na™
W 100 mmol/L), /NEZ4hiTkkm . M. EY)
SECH A R ) RIS RER B R B b
JEE AT FAAR(P<0.05), 11 S1P9 4% S1P8 FARK:
R TEFN F AR R IR T 30.9%.
28.8%F130.1% (Bl 1, 1), nJ WL, EhigbHaiE
MR T /N RTRTAMRIERS, i T HAE R

A

SOP7 SIP7 S1P8 S1P9

SOP7 S1P7 S1P8 S1P9

B 1 =mEAEXNEHEESHEE A —

. B: R
Figure 1 Effects of saline-alkaline stress on the

morphology of wheat seedlings. A: A cluster. B: A
single plant.

Effects of saline-alkaline stress on the growth of wheat seedlings

= K455 Growth index SOP7 S1P7 S1P8 S1P9
F 7 Plant height (cm) 24.05+1.08a 19.6+0.85b 17.52+1.64bc  16.73+1.00c
K- Root length (cm) 10.55+1.70a 9.08+1.15ab 7.8940.21b 5.45+0.55¢

M3 H Aboveground dry weight (g/plant)
1R ¥ E Underground dry weight (g/plant)
M4 & & i Chlorophyll content (mg/g-dry leaf)

0.035+0.003a
0.011+0.002a
2.92+0.07a

0.028+0.002b
0.007+0.001b
2.30+0.25b

0.025+0.001bc
0.007+0.001b
2.16+0.26bc

0.021+0.003¢
0.005+0.001c
1.51+0.14d

AE/NEFEAE 0.05 25 8 E MK F

Different lowercase letters representing the significant difference at the level of 0.05.
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2.2 RWEAEN/NEZHDERIREEEER
A

SICMEXS RAR L, et i AR TR
+ 3% 3% 30 A (available nitrogen, AN) . % 5
(available phosphorus, AP)F145 #LJ# (organic matter,
OM) ¥ & L S & 1% 5 11 4 (alkaline protease,
ALPT). P52 (alkaline phosphatase, ALP) .
M (sucrase, SC). Mk (urease, UE)F S il
(dehydrogenase, DHA)AE , (B4 1 i8S
fiff(catalase, CAT)FIREG, Hrp AN &8 FIIREES
PR ) 5 2 PRI 42.9% 1 26.8% (P<0.05); TifEEh
JBAETET , X6 L SRR bR P AR RE G gk — 2P
RSB , WFRRE fe = 1 STP9 H AN 000
I SOP7 L% 5 BUAR 2 FEAIG . BRI i ik
80.32% (P<0.01), ALPT., ALP, DHA. SCHIUE
B o3 ) B AR 59.30% . 35.90% . 16.77%.
20.25%711 40.62% (P<0.05) (#2). AJ 0., RBrt
BEE SR 53 AN FUE B 52 £R Bl P 52 ) 5 K 5
DA Na" ¥4 100 mmol/L A% Hoagland & 37k Ak

&2 BWEHET/NEDERIRLAEUIER

FRE, pH (ELAF] 9.0 RIAT 5 | ER AR R 4- Ak BTy
B EUAE
2.3 FBAEN/NEHNAIRRMEE D N
B R SR 220
23.1 FHEZHHERIFG

28 TP RN E s At 43 B RS AT AR B 4
P 16S rRNA 5 5 Boy 41 821 562 2%, ARy
SR EER 376 bp, TEBIMH 97% F #E4T OTU 43
FARMG S11 4~ OTU. £ & 1l 7 56 1 35 1
LT 98% (3% 3), FHAMN P IR BE AT R A7 i W 24 7R
REVR S50 . BEEL B FEEE G N, F 5 IR %K
(Chaol F8%0) 445 % (Shannon F5%50) 5 51
BRI AN T o At 3 (H 25 5N B 3 . BT PCoA
1) B ZHEELE W, ERT I8 XA PR PR 7%
SERA B IR A I < R RRAL FRAE Gl AR T IR B
Ab B4 2H [R]85 R T LA A 2HRE i I A B S
ST 2 ASARFEIAENE 2A); TR MHE
AEAERT,  BRUMAE 3G 0T 20 B 245 #4 o — 2 5%
Wi, AELAE R a8 9 52 e s 55 (] 2A. 2B).

Table 2 Physical and chemical properties of rhizosphere soil of wheat seedlings under saline-alkaline stress

FRAEPE SOP7 S1P7 S1P8 S1P9

Physical and chemical properties

AR 6.25+1.00a 3.57+0.12b 2.62+0.53¢ 1.23+0.18d
Available nitrogen (AN) (mg/kg)

R 6.55+0.85a 6.16+1.10a 6.09+0.40a 5.32+0.18b
Available phosphorus (AP) (mg/kg)

HHLR 5.79+0.20a 5.68+0.30a 5.59+0.40a 3.85+0.15b
Organic matter (OM) (g/kg)

pu= K el 470.47+39.16a 481.68+79.55a 484.60+5.43a 512.28+15.54a
Catalase (CAT) (umoL/(L-h))

B 2R 1 1.72+0.37a 1.35+0.47ab 0.93+0.16b 0.70+0.25b
Alcalase protease (ALPT) (ug/(h-g))

Rl B R T 592.28+22.57a 510.81+61.28ab 418.41+68.46bc 379.67+67.41¢
Alkaline phosphatase (ALP) (nmol/(h-g))

JIbh S e 3.27+0.33a 3.07+0.16ab 2.94+0.08ab 2.82+0.17b
Dehydrogenase (DHA) (ng/(d-g))

T Bt 38.10+2.62a 35.30+2.76ab 34.78+1.47ab 31.79+3.03b
Sucrase (SC) (mg/(d-g))

i T 1792.65+48.45a 1313.25£59.08b 1284.32+49.65b 1220.95+43.02b

Urease (UE) (ug/(d-g))

ARIRNE TR 0.05 2257 B E MK

Different lowercase letters in the table representing the significant difference at the level of 0.05.
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Table 3 Effects of saline-alkaline stress on the alpha diversity index of the rhizosphere bacteria of wheat
seedlings

Group Shannon Chaol Coverage (%)

sSOP7 5.37+0.23a 1 692.11+102.54a 0.983+0.001

sS1P7 5.2240.37a 1 708.24+105.29a 0.983+0.001

sS1P8 5.37+0.37a 1 743.14+66.55a 0.983+0.001

sS1P9 5.2940.04a 1 744.14+38.12a 0.982+0.000

AEVNE AL FE 0.05 25 5 58 2K T

Different lowercase letters in the table representing the significant difference at the level of 0.05.

A B
- R=0.500, P=0.007
0.1} :
[ ]
L] ®
. ~~
S S S ® e
5 . 3
“ Q
] 3
E -0.1 ® =8
®
-0.2 &
-03 -02 01 0 01 02
PC1 (42.49%)
2 BWEHE/NENEIRIREE PCoA 7 HT[E

SRS R
Figure 2
treatments. B: Saline-alkaline stresses treatments.

232 FHEBESMEZNE

AN £6 b 1 Ak BRI RR PR AN TR 2k 8 NTT
LA L S4B 1T (FE X = B >10%) 35 8 A TR TR 1)
(71.5%—65.9%) . T @I 1(8.4%—10.8%)F J5EBE
1 1(7.1%-11.0%) , BEAMEXS = BB 1
FF % 1] (Bacteroidota) (2.0%—3.7%) . KBk & ]
(Myxococcota) (3.4%—4.3%) . 2 P i E )
(Gemmatimonadota) (0.9%—1.3%). BiERF&il]
(Desulfobacterota) (0.8%—1.3%) 1 B T & I
(Acidobacteriota) (0.7%—1.1%); PFFE THIXT
T e A 3 T T o (n 3 e ™
) S1P9 AXJCMME i SOPT7 Y4 79.9%), 1At

R=0.029, P=0.361 @sSOP7
@sS1P7
01 ° ° @sS1P8
T sS1P9
5 o
0 ‘ """""""" . """""""""""""""""""""""""
-0.1
-0.2
-03 . i . . .
-0.2 0.1 0 0.1 0.2 0.3

PC1 (26.09%)

A: FTAALBRRY AT, B: FRIMAAAAERT, AN [R] G

PCoA plot of rhizosphere bacterial community of wheat seedling under saline-alkaline stress. A: All

BT T JCR RS (B 3A), JB KIS
(& 3B) rMrki, AHXT R 0.1%I1) 3,
A 30 MaE; BEEREIE IS, BitEE
(Enterobacter) i AH X = BE B G I, 7E 52 3R 60k
IR H S1P9 AT BRI T 2.6%, &
SOP7 AT =F B AR i 218 i T 2.53 £#%(P<0.01);
770 i B (Al caligenace) 14 R 73 28 J& FET 75 IR
B J& (Noviherbaspirillum) g F U fL , i i st
Ji ] i B e S R 2 A S R S AR
T4 J& (Allor hi zobi um)- i #2774 721 J& (Neor hi zobi um)-
K988 1 & (Par ar hizobi um)- #2923 B J& (Rhi zobium)
MR . BB B R Xanthomonadaceae) A1 7 12
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iR (Magetospinrillaceae) () K43 25 & | ST )&
(Flavobacterium) , ik . ifg 41 J& (Pseudomonas) .
g % FJL B )8 (Methyloversatilis) F1 [# % /@

(Azotobacter ) (it AH X 4= B2 7E £ 8 AT (S1P7)
FLE I IN(P<0.05), {ELK L8 & B BBy 36 3 i
X F AR, L2 BAREE. EE

A
1.0 W Proteobacteria

W Actinobacteriota

W Firmicutes

W Myxococcota

" Bacteroidota

W Gemmatimonadota
Desulfobacterota

B Acidobacteriota

M Others

FTKOF T AIAE
Relative abundanceat the phylum level

A\ A\ ] °
§ & g g
N)

£ & & &

TR LR BRIET 20T (Top30)E)
Heat map analysis of community structure (Top30)

Norank_f Magnetospirillaceae
BN Unclassified f Xanthomonadaceae
BN Methyloversatilis
L Azotobacter
0L Pseudomonas
Azohydromonas
L Allerhizobium-Neorhizobium-Pararhizobium-Rhizobium
0 Azospirillum
 Noviherbaspirillum
Bacillus
Clostridium_sensu_stricto 1
Microvirga
Sphingomonas
Corallococcus
Devosia
Nocardioides
Acidovorax
Paenibacillus
Zoogloea
" Enterobacter
Brevundimonas
Azoarcus
Massilia
Flavobacterium
Unclassified_f Rhizobiaceae
Rhizobacter
BR;;]-CS'.’ .\
Hydrogenophaga
C(I!;ry‘egmerﬁanf
Arenimonas

B

[

3et3
8et+2
-2e+2
-Tet+1
2e+1
Tet0

|

A o 3] )
S ] R S
Q N N N

B3 R EXREAERELEWRIZIE  A: (1K B: JBKF

Figure 3 Effects of saline-alkaline stress on the rhizosphere bacterial community structure of wheat seedling.

A: Phylum level. B: Genus level.
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